Abstract. The aim of this paper is to provide a method for measuring shrinkage in micro injection moulded (μ-IM) parts -no standardised approach being reported as yet in the literature. This study investigates the feasibility of implementing the international standards used to investigate shrinkage in conventional (macro) moulding at the micro-scale. Following a similar experimental procedure to the relevant standards, micro-moulded polyoxymethylene (POM) specimens were produced, and the influence of processing parameters on their shrinkage was analysed using the design of experiment (DoE) approach. The analysis results showed that the methodology was capable of detecting factors that had a statistically significant effect on shrinkage at the micro-scale, in both parallel to, and normal to, the flow directions for moulding, post-moulding and total shrinkage.
Introduction

Scale effects and experimental measurement of shrinkage in micro-scale
There appears to be no work in the research literature that compares shrinkage behaviour on the microscale to that observed on the conventional macro-scale for a particular feedstock material during injection moulding. Moreover, some studies have highlighted the possibility of scale-induced differences in flow behaviour, which may affect the shrinkage induced during injection moulding.
For example, Liu et al. recently studied the morphology in the flow direction of both macro and micro parts (0.2 mm in thickness), moulded from isotactic polypropylene (iPP) [1] . They found that the throughthickness morphology of micro-parts exhibited a similar ''skin core'' type of structure to the macro-parts.
However, in the micro-parts a large fraction of shear layer was present, whereas the macro-parts presented a large fraction of core layer. The shear layer of micro-parts had a highly oriented 'shish kebab' structure, with a pronounced orientation of iPP chains within lamellae. The authors calculated that the percentage thickness of the oriented region of the micro-parts (which included both the skin layer and the shear layer) was much greater than in the macro-parts (90% versus 15%). These different degrees of orientation observed at the macro and micro-scale, indicate that shrinkage data obtained at the macroscale is unlikely to be directly extrapolatable to the micro-scale. They indicate the necessity of directionally dependent measures of shrinkage for micro-scale components, as the orientation is likely to lead to observable anisotropy in the shrinkage behaviour. Furthermore, results have been previously reported for POM indicating that crystal size is related to moulding scale, with smaller mouldings containing finer crystals -an effect attributed to rising thermal nucleation owing to the increased cooling rate usually observed at the micro-scale [2, 3] .
Micro-scale shrinkage measurement
Two papers have considered a non standardised approach to a measurement shrinkage methodology.
Règnier et al. manufactured a square mould with triangular channels, 30 m deep, 50 m wide and 12 mm length [4] . Their results indicated that injection time and the specimen thickness have some influence on shrinkage. In the work of Lee et al. [5] , the authors realized equipment for determining the shrinkage, but no measurements were performed.
To date, only one study has adapted a widely used standard to the micro-scale [6] . The mould and the specimen followed the standard macro-scale reference ASTM D955-89 [7] , i.e. a rectangular bar of length to width ratio of 10:1. This was a continuation of work at the macro-scale [8] . The authors determined the amount of shrinkage in three commercial polymers: acrylonitrile butadiene styrene (ABS), polystyrene (PS) and high density polyethylene (HDPE) [6] . For the micro-scale experiments the specimen dimensions were reduced scale by a factor of approximately 25 as compared to the ASTM D955-89 standard.
Purpose of paper
The aim of this paper is to provide a method for measuring shrinkage in micro-moulded parts. The term "micro" indicates that one or more dimensions are sub-millimetre in size [9] .
For the study three standards are cited:
ASTM D955-89 [7] describes three different moulds for measuring the shrinkage (rectangular, square, circular). The recommendation is to use a square specimen for determining shrinkage parallel and normal to the flow; ISO 294-3 [10] gives the square mould dimensions for macro-scale. The corresponding mould has overall dimensions of 180 mm x 72 mm (figure 1); ISO 294-4 [11] reports the mathematical formulas and the measurement methodology for measuring the shrinkages (mould, post-mould and total shrinkage). Standard ISO 294-4 is currently used for measuring the dimensional variations in macro-scale injection moulding, both in the technical datasheets of material suppliers and more sparsely in technical publications [12] [13] [14] .
In previous work at the micro-scale, described above, a rectangular mould was used, with an edge gate, but shrinkage was measured both parallel to and normal to the flow [6] . However, ASTM D955-89 recommends a square specimen when shrinkage normal to the flow is to be measured. Therefore, the approach taken here was to implement a scaled-down version of the square mold design implement in ISO 294-3 [10] . Such a design would also comply with the square mould design from ASTM D955-89. In the present paper, the steps of adopting this methodology will be described. As a validation of the methodology, results of experiments to determine whether there any statistically significant moulding parameter effects on shrinkage are presented. These are compared with the small amount of prior data available in the literature.
Methodology
Calculating shrinkage
The square mould design is depicted in figure 1 . Table 1 reports the mathematical formulas for determining the shrinkage as indicated in [11] . The shrinkage is expressed as percentage related to the cavity mould dimension. The parameters reported in table 1, are defined as follows: S M (moulding shrinkage) is the difference in dimensions between a dry test specimen after 1 hour and the mould cavity in which it was moulded; S P (post moulding shrinkage) is the difference in dimensions of moulded test specimen after 1 hour and 24 hours; S T (total shrinkage) is the difference in dimensions between a test specimen after 24 hours and the mould cavity in which it was moulded.
Adapting the macro standard to the micro-scale
The design of micro-mould maintained the general shape (triangular runner, square specimen, linear dimension/specimen thickness ratio) stipulated in ISO 294-3 [10] .
The triangular gate design stipulated in ISO 294-3 (figure 1) was followed. This design should create a uniform melt flow without turbulence, to allow a wide polymer front for filling the cavity mould, minimising melt fracture. The triangular gate permits the creation of a uniform polymer flow for filling the mould cavity, because the edge gate [15] generates an elliptical melt front. Triangular gates have been used in models of the polymer filling process in micro channels [16] and for determining the orthotropic shrinkage in conventional moulding [4] . Figure 2 depicts a "no-shrinkage" specimen, which scales down the stipulated ISO 294-3 mould dimensions (length range: 60 to 62 mm; height range: 2.0 mm to 2.1 mm) by a factor of six to be suitable to the micro-scale.
Mould manufacture
The micro-mould for this specimen design was realized by micro-milling machining with a precision of 
Processing Parameters
Processing parameters, material and external influences can affect shrinkage. The present paper investigated the processing parameters influences, whilst keeping the material constant. Five factors were adopted in the present study (table 2) . These parameters have been noted in prior work to affect macroscale shrinkage [17] . The same processing parameters have been chosen for non-shrinkage micromoulding studies by several research groups, [18] [19] [20] . Table 2 also indicates the change in shrinkage noted at the macro-scale on increase of the magnitude of a processing parameter [17] .
For each of the processing parameters listed in ) were halved to 16 experimental tests (half) with a final resolution of V. Resolution V means that the design adopted will not exhibit alias between the main effects. The matrix of the statistical model it is reported in table 4. For this work a confidence limit of 95% was adopted.
Experimental design and procedure
The polymer used in the present study was a Polyoxymethylene (POM) BASF Ultraform® W2320 003
(melting point 166°C, tensile strength at room temperature 65MPa, linear thermal expansion coef. 0.6exp-4 mm mm -1 C -1 ). The semi-crystalline POM was selected because it was expected to display different behaviour in parallel and normal directions [22, 23] . The equipment used for micro-moulding was a Battenfeld Microsystems 50. Table 4 reports the combination of processing parameters investigated for determining the effect in terms of shrinkage. Each run was performed for an uninterrupted number of cycles, then five specimens were selected for shrinkage measurements.
Metrology Protocol
Several different methods are reported in the literature for measuring micro-dimensions, such as optical, laser beam based interferometry, volumetric, mechanical or rheometrical. However, there is sporadic information on accuracy. Because of the small specimen measurement dimensions and the specimen thickness, an optical method (TESA Visio 300), was chosen for its high accuracy (±1µm) and minimisation of mechanical stresses during measurement.
There is no specific protocol for the optical measurement of specimen dimensions in the cited standards.
Therefore a protocol was devised and implemented. This is illustrated in figure 4 . As the corner close to the gate was always present (figure 1) this was chosen as the zero point. The specimen was moved 5 mm to point 1. A line position was measured. The specimen was moved parallel to the flow direction until the opposite edge was reached. A second line position was measured (2). The specimen was moved back by 5 mm and then moved across the flow direction until the edge was found. A line position was measured (4).
The specimen was moved in the opposite direction to the other edge. A final line position was measured (5). The same equipment was used to measure the mould cavity dimensions. Table 5 shows the effect of each processing parameters combination in terms of shrinkage, defined as reported in table 1.
Results
Shrinkage measurements
Statistical analysis of moulding shrinkage in parallel to flow direction
The Pareto Chart depicted in figure 5 represents the mould shrinkage in parallel to the flow direction. It shows the magnitude and the effect of single and combined process parameters, along with a reference line indicating statistical significance. The processing parameters are labelled as A (hold time), B (hold pressure), C (injection pressure), D (mould temperature) and E (melt temperature). The combined influence of two of these parameters is described using two of the above letters.
The only statistically significant parameter was the mould temperature. . The mould temperature is the factor with highest magnitude; higher mould temperature led to a decrease in shrinkage. Figure 7 is the Pareto Chart of mould shrinkage in normal to flow direction. Again, the mould temperature was the only statistically significant factor. Figure 8 reports the Main Effect chart of mould shrinkage in normal to flow direction. The mould temperature is the factor with higher magnitude, butopposite to the flow direction case -lower mould temperature led to a decrease in shrinkage.
Statistical analysis of moulding shrinkage in normal to flow direction
Statistical analysis of post moulding shrinkage in parallel to flow direction
The Pareto Chart of post-moulding shrinkage in the parallel to flow direction did not show statistically significant effects. Figure 9 reports the Pareto Chart of post-moulding shrinkage in normal to flow direction. The combined effect of hold time and mould temperature has a statistically significant effect on shrinkage. The Main Effects plot is not reported because it is not used for describing the combined effect. Figure 10 is the Pareto Chart of total shrinkage in parallel to flow direction. Three factors had statistically significant effects on shrinkage: the mould temperature, hold pressure and melt temperature. In addition, two combinations of factors were statistically significants: hold pressure with mould temperature and mould temperature with melt temperature. Figure 11 , shows the corresponding Main Effects plot of the magnitude of effect. Increasing the value of either mould temperature, hold pressure or melt temperature led to a decrease of shrinkage.
Statistical analysis of post moulding shrinkage in the normal to flow direction
Statistical analysis of total shrinkage in the parallel to flow direction
Statistical analysis of total shrinkage in normal to flow direction
In contrast to the total shrinkage parallel to the flow direction, the total shrinkage normal to the flow did not show any statistically significant effects.
Discussion
Data obtained from the microscale mould could be used to detect statistically significant effects and to discriminate between the factors that affected the parallel and normal shrinkage. Further studies can take advantage of this approach for optimizing the processing parameters and comparing different feedstocks at the micro-scale. Table 6 summarises the effects observed. Clear differences in shrinkage between parallel and normal to the flow direction were found. Furthermore, differences between moulding, post-moulding and total shrinkage were observed.
Mould temperature affected moulding shrinkage both parallel and normal to the flow but the direction of the effect was different. For post-moulding shrinkage, only shrinkage normal to the flow was affected by factors investigated in this study: a combination of holding time and mould temperature.
However for total shrinkage, only shrinkage parallel to the moulding direction was affected, and this was affected by three factors and two combinations of factors.
In the only prior micro-scale work [6] , S T values for semi-crystalline HDPE, are reported. Parallel to flow, mould temperature, melt temperature and hold pressure were significant. Normal to flow, in addition, the hold time was significant. For parallel to the flow, these results are the same as those presented here, except that the current paper also reports two combinations of factors that are significant.
However, normal to the flow, the results are completely different, as in this work no significant effects were seen. The difference between the two sets of data is likely to lie in the standardisation of the mould used in this paper as a square design -the prior paper used a rectangular design.
There is no prior micro-scale work on S M and S P values that can be compared against this paper.
According to literature for macro-scale shrinkage, generally, increasing holding pressure decreases shrinkage. This particular effect was seen in the data presented here only for one case: total shrinkage parallel to the flow. At the macro-scale, the relationship between temperature factors and shrinkage is less well characterised. Fischer reports that for semi-crystalline polymers the shrinkage after an increase of mould temperature is a combinatorial effect with material parameters (percentage of crystallinity, internal stress), and processing parameters such as cooling rate. However, there is no reported differentiation between parallel and normal or moulding and post-moulding [15] .
The complex connection between temperature factors and shrinkage at the macro-scale is confirmed by
De Santis et al. [24] who analyzed the shrinkage trend of a semi-crystalline polymer in conventional injection moulding. The authors [22, 24] considered the densities of different phases and their degree of crystallinity, comparing the measured moulding shrinkage (at 10 minutes) with numerical modelling (though no data on statistical significance was reported). Moulding shrinkage was shown to reduce upon increasing the crystallinity. In a crystalline polymer, the temperature parameters (mould and melt temperature) are known to drive the crystal growth (rate of crystallization) by controlling the transition from melt to solid state [25] .
Conclusions
This study investigated the feasibility of implementing international standards used to investigate shrinkage in conventional (macro) moulding at the micro-scale. The procedure proposed was able to discriminate between shrinkages in parallel and normal direction. The methodology presents a rigorous approach for detecting shrinkage in micro-scale injection moulding.
Five factors were investigated: the injection pressure, the holding pressure, the melt temperature, the mould temperature and the holding time. A DoE analysis was applied to determine the critical factors that affect the shrinkage in -IM. The critical factors identified were the mould temperature for the moulding shrinkage both parallel, and normal to, flow; the holding time-mould temperature combination for the post-moulding shrinkage in the normal direction; the mould temperature, the holding pressure, the mould temperature-holding pressure combination, the melt temperature and the melt temperature-mould temperature combination for the total shrinkage in the parallel to flow direction. No statistically significant effects were observed for total shrinkage normal to the flow, and post-mould shrinkage parallel to the flow. --5  2  550  800  115  190  +  +  +  --6  2  550  900  85  200  --+  --7  2  550  800  85  190  +  -+  +  -8  4  450  900  115  190  -+  +  -+  9  2  450  800  85  200  -+  -+  +  10  4  450  800  85  190  --+  +  +  11  2  450  900  115  200  +  +  -+  -12  4  550  800  115  190  +  +  +  +  +  13  2  550  900  115  190  -+  ---14  4  450  800  115  200  -+  +  +  -15  4  550  900  115  200  ----+  16  2  550  800  115 Table 6 . DoE results of the effect of processing factors. The arrows indicate -for single processing parameters -whether a factor increasing causes an increase (↑) or decrease (↓) in shrinkage.
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